Melioidosis, an infection caused by Gram-negative Burkholderia pseudomallei (Bp), has high clinical recurrence and mortality rates associated with pneumonia and sepsis. With the limitations in current therapeutic options and the lack of available human vaccines, development of novel countermeasures against Bp infection is vital. In this study, we evaluated the efficacy of an aminoalkyl glucosaminide 4-phosphate (AGP), a synthetic toll like receptor 4 agonist (CRX-527), in conferring protection against melioidosis in a murine model. Survival data showed 66% of mice treated with AGP prior to lethal intranasal Bp challenge survived and presented no signs of illness over a 3 months period. In contrast, all control mice succumbed to infection within 4 days. Kinetic study on organ bacterial burden demonstrated mice treated with AGP had dramatically reduced bacterial loads in both the lungs and spleens as compared to control mice. Notably, all but one AGP-treated mouse had no Bp growth in the blood as compared to overwhelming bacteraemia found in all control mice. The protective effect of CRX-527 was associated with a transient increase in pulmonary cytokine/ chemokine levels, which boosted the host's innate immunity. This enabled rapid clearance of the pulmonary and systemic bacterial burden and prevented the development of sepsis. This study demonstrated the potential use of TLR4 agonist as a prophylactic immunotherapy in preventing melioidosis.
INTRODUCTION
Burkholderia pseudomallei (Bp), the causative agent of Melioidosis, is a Gram-negative environmental saprophyte endemic in South-East Asia and northern Australia [1] . However, Bp has gained significant attention in recent years due to its increasing global distribution [2, 3] as well as its classification as a potential biothreat agent [4] .
Inhalation has been recognized as an important route of infection in melioidosis although Bp can be transmitted through other routes such as percutaneous inoculation and ingestion [5] . Therefore, melioidosis can virtually affect any organ and is potentially fatal, with a mortality rate of up to 50% in endemic regions such as Thailand [6, 7] . It can also present with a wide range of clinical manifestation, which is thought to be determined by the host's immune response [4, 8] . Currently, there is no available vaccine for melioidosis and present antibiotic treatment is not fully effective, with frequent relapses occurring [8, 9] . Although manipulating the host's immune system pre/post-infection with the use of granulocyte colony stimulating factor (G-CSF) or interferongamma (IFN-) has been proposed [10] [11] [12] as treatments for melioidosis, clinical benefits of such therapy are limited and need to be re-evaluated. Therefore, efforts have recently been directed at developing novel immunotherapeutic strategies to prevent or treat melioidosis.
Toll-like receptors (TLRs) are important arms of the innate immune system. These receptors recognize pathogen-associated molecular patterns (PAMPs) and provide a first line of defence against infectious organisms. Lipopolysaccharide (LPS), present in the outer membrane of Gram-negative bacteria, is a natural agonist for TLR4 signalling [13] . However, Bp is thought to evade the host immune system through its poorly recognized lipid A component within its LPS [14] . In addition, the release of secondary 2-hydroxymyristoyl residue in its lipid A can potentially interfere with MyD88-independent (TRIF) signalling in macrophages as it gets converted into 2-hydroxymyristoyl CoA, a potent inhibitor against N-myristoylation of TRIF-related adaptor molecule (TRAM) [15, 16] .
Although administration of LPS or lipid A as prophy-lactic treatment has been suggested, its use has been precluded by its high toxicity and pyrogenicity [17, 18] . The use of lipid A mimetics such as aminoalkyl glucosaminide 4-phosphates (AGPs) has been proposed as these molecules are less toxic than LPS but equally immunostimulatory [19] . Recent animal studies have yielded promising results, demonstrating prophylactic protection against pneumonic plague and tularaemia with AGPs [18, 20] . Hence, it can be hypothesized that pre-exposure administration of an AGP, particularly CRX-527, a potent inducer of MyD88-dependent TLR4 signalling [21] , could protect the host against Bp infection. Therefore, this study evaluated the induction of protective immunity, bacterial clearance and host survivability with CRX-527 pre-exposure treatment in a murine model of pulmonary melioidosis.
MATERIALS AND METHODS

Animals
Specific-pathogen-free male C57BL/6 mice, 6-8weeks, were obtained from Biological Resource Centre (A * Star, Singapore). All animals were housed in individuallyventilated cages (Techniplast, Italy) and were permitted ad libitum access to sterile food and water in a Biosafety Level Three Animal Facility. Anaesthesia, Ketamine (50 mg/kg) and Xylazine (5 mg/kg), was administered intraperitoneally prior to treatment, infection and blood collection. All experimental procedures were performed in accordance to the guidelines approved by the Institutional Animal Care and Use Committee, DSO National Laboratories (DSO/IACUC/10/92).
Optimal Dose for CRX-527 Treatment
CRX-527 was provided by GlaxoSmithKline Vaccines (Hamilton, Montana, USA) as a 0.934 mg/mL solution in 2% aqueous glycerol and stored at 4˚C. To determine the optimum dose, CRX-527 was diluted in 2% glycerol at varying doses (20 µg, 10 µg, 5 µg, 2.5 µg and 1.25 µg). Mice were anaesthetised and 40 μl of CRX-527 was administered intranasally/intrapulmonary (20 µl/nare). Controls were given either sterile PBS or 2% glycerol.
Bp Strain and Growth Conditions
B. pseudomallei clinical strain K96243 from glycerol stock was subcultured onto Trypticase Soy Agar (TSA) (Becton Dickinson, USA) and allowed to grow for 48 hours at 37˚C. A single colony was then cultured onto another TSA plate for 24 hours prior to infection experiments.
Bp Infection
For infection experiments, colonies from TSA agar were suspended in sterile PBS to an OD 600 of 1.02 (equivalent to ~6 × 10 8 CFU/ml) and diluted to the desired concentration. Mice were anaesthetised and the Bp suspension was then given intranasally (50 µl) into the mice. Controls were given 50 µl sterile PBS. Mice were monitored for their survival. Aliquots of the suspension were plated out on TSA plates in duplicates to determine the number of viable bacteria inoculated into the mice.
Organ Bacterial Load
Spleens, lungs and livers were excised and placed in 2 ml sterile PBS. Organs were homogenized in a 70 μm nylon mesh sieve, after which they were serially diluted, plated out on Ashdown agar and incubated at 37˚C for at least 48 hours to determine organ bacterial load. Colonies were counted from plates and the mean colony counts were derived to give bacterialload in the different organs.
Quantification of Cytokines and Chemokines
The plasma and organ homogenates were assayed for interleukin-6 (IL-6), interferon- (IFN-), tumour necrosis factor-α (TNF-α) and granulocyte-monocyte colony stimulating factor (GM-CSF), monocyte chemotactic protein-1 (MCP-1), RANTES, macrophage inflammatory protein-1 (MIP-1) and monokine induced by gamma interferon (MIG) using FACS Array Bioanalyser (Becton Dickinson, USA) and CBA flex sets (Becton Dickinson, USA), as per manufacturer's instructions. Samples of lungs, spleen and plasma of uninfected mice were used as negative control to obtain basal levels.
Statistical Analysis
All graphs and statistical analysis were generated with Graphpad PRISM. p value of <0.05 was considered statistically significant.
RESULTS
Intranasal Administration of CRX-527 Enhanced Survival against Melioidosis
The prophylactic protection of CRX-527 has been demonstrated in various mice models against other Gram-negative bacterial infection when delivered 48 hours prior to bacterial challenge [18, 20] . Our initial experiment was aimed at determining the optimum dose of CRX-527 administered via intranasal/intrapulmonary route 48 hours prior to lethal Bp intranasal challenge (28x 10-day LD 50 ). Groups of mice were pre-treated with five individual doses of CRX-527 (20 µg, 10 µg, 5 µg, 2.5 µg and 1.25 µg) and monitored daily for signs of sickness before and after Bp challenge. Mice pre-treated with 20 µg, presented with drug related side-effects such as mild lethargy and piloerection before Bp challenge. In comparison, mice pre-treated with lower doses of CRX-527 appeared healthy.
Mice pre-treated with either 5 or 10µg of CRX-527 did not develop obvious signs of sickness in comparison to other treated counterparts post Bp challenge. The survival rate was determined at day 90 post challenge (Figure 1) to further confirm the optimum protection dosage of CRX-527. Untreated mice demonstrated 100% mortality by day 4 post infection. Pre-treatment with 1.25 µg, 2.5 µg or 20 µg CRX-527 presented with a survival rate of 16%, 50% and 33% respectively at day 90 post Bp challenge. In contrast, mice pre-treated with either 5 μg (p < 0.05) or 10 μg (p < 0.001) CRX-527 48 h prior to the high lethal dose of Bp challenge prolonged time to death and demonstrated significant increase in survivability (66%) at day 90 (Figure 1 ).
Pre-Exposure Treatment with CRX-527
Primed the Host's Innate Immune System CRX-527 has been previously reported as a potent. synthetic TLR-4 agonist and is able to induce protective innate immune response contributed by its unique chemical structure [22, 23] In this study, we measured the pulmonary production of pro-inflammatory cytokines and chemokines in naïve C57BL/6 mice induced with 5 ug CRX-527 against Bp intranasal challenge over a period of 5 days (Figure 2) . The results showed a transient increase, with a peak at day 2, in levels of IL-6, IFN- and MCP-1 in the lungs before returning to basal level after day 4 post treatment. Additionally, levels of TNF-α increased at 4 hours post treatment and remained elevated until Day 3 ( Figure 2 ). GM-CSF and chemokines such as RANTES, MIG, MIP-1 also presented similar trend (data not shown). To further assess the association between the prophylactic effects of CRX-527 and the kinetic changes in levels of cytokines and chemokines, groups of mice were then treated with 5 ug CRX-527 either before (−72 h, −48 h and −24 h) or after(0 h and +24 h) a lethal dose (17x 10-day LD 50 ) of Bp challenge (Figure 3) . Hundred percent survival rate was observed in mice pre-treated at 48 hours with 5 μg CRX-527 at day 19 post Bp challenge (versus 0% in untreated mice). In comparison, mice pre-treatedwith CRX-527 at either −72 or −24 hours presenteda lower survival rate (83%) while all mice with post-exposure treatment (0 and +24 hours) died at day 3 CRX-527 pre-treated mice harboured lesser Bp as compared to their counterparts from day 1 post-Bp infection, with statistically significant reduction evident by day 2 (p < 0.001) ( Table 1) . (Figure 3) . Collectively, data from these studies indicated that 5 µg CRX-527 administered intranasally/ intrapulmonary 48 hours prior to Bp intranasal infection was the most effective treatment regime.
Pre-exposure Treatment with CRX-527
Prevented Cytokine and Chemokine Storm during Bp Infection
CRX-527 Decreased Bacterial Colonization and Enhanced Clearance of Bps
The cytokines and chemokines produced during Bp infection ± treatment were evaluated. An early induction of IFN-, TNF-α and IL-6 was observed in lungs of treated mice 4 hours post Bp challenge while the levels. of MCP-1 and GM-CSF in lungs maintained at a basal level throughout the observation period (13 days) (Figure 4) .
To further elucidate the efficacy of CRX-527, the kinetics of bacterial clearance/colonization in the lungs and spleen post-Bp infection were determined ( Table 1) . Bp colonization increased significantly (>10 6 CFU/organ) day 2, which resulted in the mice succumbing to infection by day 4. In contrast, mice pre-treated with CRX-527 presented with a significant reduction in Bp hours post infection and were able to clear the bacteria in their lungs by day 13 ( Table 1) . Furthermore, spleens of On the other hand, there were no significantincrease in levels of these cytokines and chemokines in the spleens of treated mice at all time points post Bp infection. In contrast, remarkably high levels of IFN-, TNF-α, IL-6, GM-CSF and MCP-1were observed in both lungs and spleens of untreated mice (Figure 4) indicating an overwhelming cytokine and chemokine storm in untreated mice in response to pulmonary Bp challenge.
CRX-527 Prophylactic Treatment Prevented Onset of Sepsis
Sepsis arising from pneumonia is an important clinical manifestation associated with high level of mortality in human melioidosis. Therefore, the ability of CRX-527 to prevent sepsis was evaluated in this pneumonic model. Untreated mice were bacteraemic within 4 hours postinfection, reaching a mean blood bacterial load of 10 4 by day 2 (p < 0.001) ( Table 2) . Plasma cytokine/chemokine levels correlated with the bacterial load in the blood, with significantly elevated levels of IL-6 andIFN- beginning day 1 post-infection. TNF-α, GM-CSF and MCP-1 levels were also significantly elevated beginning day 2 post-infection ( Figure 5) . In comparison, pre-treatment with CRX-527 prevented sepsis. Bp was undetectable in the blood of treated mice at 4 hours, day 1, 2, 6 and 13 post-infection, although 1 out of 4 mice harboured 4 CFU/ml at day 3 ( Table 2) . the first choice of antibiotics for treatment of severe melioidosis, and the lack of available human vaccines strongly necessitate the search for alternative treatment strategies. Recently, immunomodulators such as TLR agonists have gained increasing interest due to their broad spectrum efficacy against a wide range of infectious diseases e.g. tularemia and pneumonic plague [18, 20] . Results from this study demonstrated significant prophylactic efficacy of CRX-527, a member of the AGP class of synthetic lipid Amimetics, against melioidosis. A high percentage (~50%) of melioidosis patients develop pneumonia either through direct inhalation of Bp or dissemination from extrapulmonary sites [5, 8] , which can consequently progress to sepsis, septic shock and eventually death [9, 24] . Hence, intranasal challenge with Bp was chosen as the model to mimic pneumonicmelioidosis in this study. The prophylactic protection of CRX-527 presented a dose-dependent fashion, however, administration with 20 g of CRX-527 unexpectedly resulted in 66% lethality (Figure 1 ). This could indicate some pyrogenic side effects associated with high dose CRX-527. As a result, the combinatory effects with Bp infection could have perturbed and over stimulated the immune system, resulting in increased tissue damage and death. In contrast, pre-treatment with either 5 or 10 µg CRX-527 prolonged time to death, provided.
substantialprotection and survived mice appeared healthy over 90 days post infection (Figure 1) . Although 100% protection was not achieved, it is suggestive that the delay in time to death may provide a window during the acute stage of disease for other medical interventions to be administered against such high dose infection. Repeated experiments showed similar prophylactic protection between 5 and 10 µg, hence the former was chosen as the optimal dosage for this model to eliminate potential drug associated pyrogenic side effects as described previously.
Optimal protection with CRX-527 was also time-dependent. Pre-treatment with 5ug CRX-527 48 hours prior to Bp (17x 10-day LD50) challenge further demonstrated its prophylactic efficacy, presenting 100% survival rate 19 days post infection (Figure 3) . Notably, significant protection could also be observed with administration 72 or 24 hours prior to Bp challenge, as compared to the untreated group (p < 0.001) (Figure 3) . However, post exposure treatment did not reduce the lethality of Bp as all mice died by day 3. It could be postulated that the synergistic effect of CRX-527 with high dose Bp challenge might exacerbate the infection, resulting in increased inflammation, endotoxic shock and eventually death. Therefore, as a post exposure therapy, a lower dose of CRX-527 or combination with sub-therapeutic antibiotics might improve survivability of the host as seen in Airhart et al., 2008. A unique feature of Bp is the induction of low-level immunological activation associated with the lipid A component within its LPS [14] . This characteristic allows Bp to remain undetected and facilitates intracellular survival and latency. Therefore, priming of the innate immune system with a strong TLR4 ligand such as CRX-527 can aid in the elimination of Bp before allowing it to escape from the host's immune system. Intranasal/ intrapulmonary administration of CRX-527 induced a transient increase, with a peak at day 2, in intrapulmonary levels of pro-inflammatory cytokines (Figure 2) . In addition, levels of TNF-α peaked rapidly at 4 hours post treatment before returning to basal level after 72 hours (Figure 2) . This finding is in line with observations reported by Airhart et al. (2008) , where CRX-527 treatment led to induction of IFN- and TNF-α, which were shown to reach peak levels by 18 hours and 4 -6 hours respectively. This might suggest that CRX-527 improved bacterial clearance, in part, by promoting the activation and migration of immune cells through binding to TLR4 + cells (e.g. epithelial cells, dendritic cells and macrophages) and activating MyD88-dependent and -independent signalling pathways [22, 25, 26] . Another mechanism of protection could be attributed to the priming of neutrophils, which are important for bacterial clearance during melioidosis. This promotes mobilization of secretory vesicles and cytokine release without degranulation and reactive oxygen release [27] [28] [29] . Consequently, these processes promoted production of multiple inflammatory cytokines such as TNF-α, IL-6 and IFN-, which induces an early non-specific innate immune response prior to infection. As a result, this provided prophylactic protection against Bp and contributed to the increased survival rate (Figures 1-3) .
Sepsis is a clinical syndrome defined as an overwhelmed systemic inflammatory response to infection [30] . High levels of cytokines such as TNF-α, IFN-, IL-6 and MCP-1 are often associated with the severity of sepsis [31] [32] [33] . Studies have shown direct correlations between hypercytokinaemia in melioidosis with disease severity and fatal clinical outcome [33] [34] [35] [36] . In this study, an early bacterial colonization in the lungs with bacteraemia was observed in untreated mice from 4 hours post infection, suggesting the failure of the innate immune system in preventing the onset of infection. This correlated with increase in levels of proinflammatory cytokines in the spleen, lungs and plasma, with statistical significance by day 2 (Figures 4 and 5, Tables 1 and 2) .
In addition, levels of chemokines (MIG and MIP-1), which are important for the recruitment of lymphocytes and granulocytes during melioidosis, were also shown to be considerably increased (data not shown). It has been well established that C57BL/6 mice develop a macrophage dominant immune response during acute melioidosis, which helps control the infection before an adequate adaptive immune response ensue [37, 38] . This might explain for the substantial increase in levels of MCP-1 and GM-CSF (Figure 4) observed at 4 hours post-infection in the untreated group, as these cytokines are essential for the recruitment and proliferation of macrophages. Thus, in line with previous studies, untreated mice succumbed to infection as a consequence of overwhelming bacterial colonization/dissemination and the hyperproduction of pro-inflammatory cytokines/chemokines [33, 38, 39] . Hence, the exacerbated local and systemic inflammatory responses might lead to increased tissue damage and septic shock, which contributed to the death of the host.
In contrast, mice pre-treated with CRX-527 prior to Bp challenge showed significant reduction in organ bacterial load (lung, spleen and blood) as early as 4 hours post infection, with complete bacterial clearance by day 13 (Tables 1 and 2) . A combination of three mechanisms could be proposed. Firstly, thesignificantly higher levels of pulmonary IFN-, IL-6 andTNF-α present at 4 hours post infection (Figure 4) in CRX-527 pre-treated mice provided the immune capability for the host to contain the bacteria upon infection, consequently potentiating rapid clearance of the bacteria before spilling over into the systemic compartment. It has been previously demonstrated that IFN- plays an obligatory protective role in the resistance against Bp, particularly within the first 24 hours post infection [40, 41] . High levels of pulmonary IFN- at 4 hours post infection could also be vital in controlling the colonization and spread of Bp during the initial phase of infection, hence modulating the inflammatory response and preventing the onset of sepsis.
Secondly, levels of IL-6, TNF-α GM-CSF and MCP-1 were then modulated and maintained at basal level as observed by day 1 post infection (Figures 4 and 5) . This could suggest that priming the host with CRX-527 could attenuate cytokine/chemokine production during infection, which has been shown to augment bacterial clearance and improve survival [42] .Thirdly, neutrophils that were primed during pre-treatment couldalso be rapidly activated, resulting in immediate production of reactive oxygen species and enhanced phagocytosis upon infection [18] . Such containment might also prevent the cytokine/chemokine storm that was observed in their untreated counterparts.
In conclusion, the model used in this study mimics human pneumonic melioidosis. The course of infection is not restricted to the lung mucosa and can eventually lead to septicaemia if infection is not controlled early and efficiently. CRX-527 non-specifically primes the host's innate immune system. This priming aids in resistance and early containment of the bacteria, while susceptibil-ity, as seen in untreated mice, correlates with hyperproduction of cytokines/chemokines from overwhelming bacterial colonization, which progresses to septic shock and eventually death. More importantly, data from this study highlights the potential of CRX-527 and related TLR4-active AGPs as standalone prophylactic or even adjunctive treatment against Bp infection. Hence, future work will aim to maximize the use of an appropriate AGP as a combination therapy with antibiotics or vaccine adjuvant against melioidosis. 
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